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Abstract
Summary Loading increases bone mass and strength in a site-
specific manner; however, possible effects of loading on bone
matrix composition have not been evaluated. Site-specific
structural and material properties of mouse bone were
analyzed on the macro- and micro/molecular scale in the
presence and absence of axial loading. The response of
bone to load is heterogeneous, adapting at molecular, micro-,
and macro-levels.
Introduction Osteoporosis is a degenerative disease
resulting in reduced bone mineral density, structure, and
strength. The overall aim was to explore the hypothesis
that changes in loading environment result in site-specific
adaptations at molecular/micro- and macro-scale in
mouse bone.
Methods Right tibiae of adult mice were subjected to well-
defined cyclic axial loading for 2 weeks; left tibiae were used
as physiologically loaded controls. The bones were analyzed
with μCT (structure), reference point indentation (material
properties), Raman spectroscopy (chemical), and small-angle
X-ray scattering (mineral crystallization and structure).
Results The cranial and caudal sites of tibiae are structurally
and biochemically different within control bones. In response
to loading, cranial and caudal sites increase in cortical thick-
ness with reduced mineralization (−14 and −3%, p < 0.01,
respectively) and crystallinity (−1.4 and −0.3%, p < 0.05,
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respectively). Along the length of the loaded bones, collagen
content becomes more heterogeneous on the caudal site and
the mineral/collagen increases distally at both sites.
Conclusion Bone structure and composition are heteroge-
neous, finely tuned, adaptive, and site-specifically responsive
at the micro-scale to maintain optimal function. Manipulation
of this heterogeneity may affect bone strength, relative to spe-
cific applied loads.
Keywords Loading . Raman spectroscopy . RPI . SAXS
Introduction
Bone mineral density is a major parameter influencing bone
material properties, stiffness, and elastic modulus. Bone
Bquality^ includes all factors contributing to the strength of
the bone and is characterized by a combination of the geom-
etry, micro-architecture (three-dimensional organization),
bone turnover, micro-damage, and bone matrix chemistry
(mineral and collagen content) [1, 2]. The bone matrix con-
sists of both organic (~35%) and inorganic (~65%) compo-
nents [3]. The organic component of bone is composed of up
to 90% type I collagen and, together with the mineral compo-
nent, governs the biomechanical properties, strength, tough-
ness, and functional integrity of the tissue [4, 5]. Collagen has
a mechanical function in all connective tissues contributing to
tensile strength and structural integrity. Several studies indi-
cate that the collagen component has a substantial role in the
toughness of bone (capacity to absorb energy), while the min-
eral content mainly determines the stiffness of bone [1]. Thus,
bone strength is affected by both the relative amounts and the
geometric organization of the bone matrix but also the specific
chemistry of the organic and inorganic components.
Long bones in rodents are heterogeneous in that bone
formation and resorption occur at the bone surfaces while
the intracortical area seems to remain constant, because
there is no osteonal remodeling [6, 7]. This heterogeneity
is reflected in the distribution of bone mineral density, min-
eral crystal composition and direction, and collagen matu-
rity [7–9]. Thus, the material properties depend on the rel-
ative composition of the bone matrix components, and the
interaction between them, which subsequently affect the
structural properties. In humans, bone turnover occurs pri-
marily through the process of secondary osteonal remodel-
ing. This leads to regions with bone of different age in
relation to the age of the individual. The heterogeneity of
bone also facilitates redistribution of strain from the sur-
face, thus avoiding micro-cracks and improving mechani-
cal properties [10]. Renders et al. have suggested that the
distribution of stress and strain is favored by the mineral
heterogeneity in human intratrabecular (within individual
trabeculae at the tissue level) bone [11]. This influences
elasticity as well as the fracture risk. Spatial heterogeneity
is decreased in bone exposed to bisphosphonates in both
animal and human studies [12–14], and heterogeneity in
the degree of mineralization is decreased in postmenopaus-
al women with hip fractures treated with bisphosphonates
[13]. Although bones exposed to bisphosphonate treatment
do respond to strain from applied load [15], it is not known
if the bisphosphonate treatment alters the heterogenic pat-
tern of the anabolic response of bone to the applied strains
and, if so, would interfere with an appropriate anabolic
response of bone to loading.
Imposed loading of bone with magnitudes and direction that
differ to physiological loading will induce modeling, which
results in bone formation on periosteal and endosteal surfaces
[16, 17]. Although the exact impact of changes in bone hetero-
geneity on mechanical properties has not been analyzed direct-
ly, it is important to consider bone tissue heterogeneity as a
bone quality factor. Loading of mouse bone has beneficial ef-
fects on the mechanical properties [18]. Especially in young
growing mice, physiological loading improved both the collag-
enous and mineral mechanical properties of bone, while the
mineralized bone mechanical properties were mostly improved
in elderly mice [18]. Other studies using a controlled imposed
loading regime indicate that the effect on the bone composition
may be age-dependent, with enhanced collagen maturity in
elderly mice [19]. Thus, the literature is generally conclusive
of the beneficial response of loading, but the extent of the
adaptive response is highly sensitive to the type and pattern
of loading, age of the animal, etc.
Vibrational spectroscopic techniques, such as infrared or
Raman spectroscopy, have been used to study the chemical
composition of the bone matrix in healthy and diseased bone
[20, 21]. Development of Raman spectroscopy in living sub-
jects has allowed for subsurface spectra to be acquired; i.e., it is
now possible to interrogate bone matrix chemistry through the
skin [22]. A recent study investigated changes in Raman spec-
tra due to different mineralization levels of various animal
bones evolved for different physiological requirements.
Discernible differences between the highly mineralized brittle
ear bone and less mineralized tough antlers were found, specif-
ically in the case of the red deer [23]. Recent data also indicated
variations in matrix chemistry along the length of a human
tibia, showing that bone adaptation is complex with not only
structural optimization on the micro-scale but also local mate-
rial adaption on the molecular scale [20]. Whether these local
differences are due to different remodeling rates along the bone
length, where the newer bone would be less mature, or if it is
due to differences in strain levels resulting in site-specific dif-
ferences in local adaptation and therefore more persistent dif-
ferences in bone quality and strength, is unknown.
The overall aim was to explore the hypothesis that changes
in loading environment result in site-specific adaptations at
molecular/micro- and macro-scale in mouse bone.
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Materials and methods
Animals
Three-month-old mature C57BL/6 female mice (Charles
River Laboratories, Germany) were housed in a standard an-
imal facility under controlled temperature (22 °C) and photo-
period (12-h light, 12-h dark). They were fed a pellet diet and
given access to drinking water ad libitum.
Ex vivo mechanical strain measurement during dynamic
axial loading of tibia
The magnitude of axial mechanical strain applied to the tibia
during loading was established ex vivo as previously de-
scribed [17]. Five 16-week-old female C57BL/6 mice were
killed and directly used for the ex vivo strain gauging mea-
surements. An incision was made in the skin of the tibiae, soft
tissue was removed, and a single element strain gauge was
attached (EA-06-015DJ-120, Vishay Measurement Group,
PA, USA), in longitudinal alignment with the medial
(tensile) aspect of the tibia at 37% of its length from the prox-
imal end. Previous studies have shown that this region corre-
sponds to the site of greatest osteogenic response to axial
loading, and the 37% site is often used as a representative part
of this region [16, 24, 25]. Strains were measured across a
range of peak compressive loads between 7 and 17 N
(Fig. S1). These peak loads were applied with the same
3100 ElectroForce® Test Instrument (Bose Corporation,
MN, USA) with the same holding cups that were used for
in vivo loading. From the data, a specific peak load (13 N)
corresponding to 2700 ± 600 με was used in the loading
experiment. The load and strain used were in line with previ-
ous studies by our and other groups and are not known to be
associated with micro-damage in the bones [16].
In vivo loading of the tibia
While under inhalation anesthesia with isoflurane (Forene;
Abbot Scandinavia, Solna, Sweden), the right tibiae of seven
16-week-old female C57BL/6 mice were axially loaded as
previously described [16, 26]. The right tibiae were loaded
on three alternate days per week for 2 weeks, in total six
loading bouts. The loading was applied with 40 cycles/day,
at 1 Hz, using a trapezoid waveform and a 10 s rest between
cycles. The loads were applied using a 3100 ElectroForce®
Test Instrument (Bose Corporation, MN, USA). The left tibia
was used as a physiologically loaded control (hereafter re-
ferred to as Bnon-loaded^) to allow like-for-like comparisons
for the effects of loading on bone modeling. The use of the
contra-lateral limb as a control using this protocol has been
validated previously [16, 25]. All mice were healthy and
allowed normal cage activity in between loading sessions.
The mice were euthanized and their tibiae were dissected,
wrapped in saline soaked gauze, and kept frozen at −20 °C
until analysis.
Raman spectroscopy
Five Raman spectra were acquired from 37% of the length of
the tibia, as measured from the proximal end, of both cranial
and caudal sites (Fig. S2A, N = 7), using an inVia Raman
micro-spectrometer (Renishaw plc, Gloucestershire, UK).
The bones were kept hydrated with PBS-soaked gauze during
scanning, with only the area scanned exposed at a time. The
instrument was equipped with an 830 nm 300 mW laser, spec-
tra were acquired for 10 s and 60 accumulations, and the spot
size of the laser was 2 × 2 μm, with power over this area
~2 mW. For four bones (2× non-loaded; 2× loaded), six addi-
tional spectra were acquired along the length, from proximal
to distal, at the cranial region, using the same settings as
above. Ratios were compared along the length of the bone
from the distal, proximal, andmiddle regions. All spectra were
baseline corrected using an in-house written script in Matlab
(MATLAB 2012a, MathWorks, Inc., USA) and normalized to
the phosphate peak (960 cm−1). Ratios were calculated by
comparing the heights of the bands: phosphate, amide I
(1660 cm−1), carbonate (1070 cm−1), proline (920 cm−1),
and hydroxyproline (870 cm−1). The ratio bioapatite/
collagen is a good measure of total collagen content and was
determined by dividing the height of the phosphate peak by
the combined height of the proline and hydroxyproline peak
heights [27]. Determining crystallinity by calculating the in-
verse of the width of the hydroxyapatite (phosphate) peak at
half the height has been previously proven as suitable to assess
mineral crystal maturity [28, 29]. Larger crystal minerals are
more mature, resulting in a narrow peak, and smaller mineral
crystals are less mature, resulting in a wider peak [29] .
Micro-computed tomography
The tibiae (N = 7) were fixed and stored in 70% ethanol before
micro-computed tomography (μCT) analysis. High-resolution
μCT analysis was performed on the diaphyseal region of the
tibia (1172 model, Bruker microCT, Aartselaar, Belgium).
The tibiae were imaged with an X-ray tube voltage of 50 kV
and current of 201 μA, with a 0.5 mm aluminum filter. The
scanning angular rotation was 180° and the angular increment
0.70°. The voxel size was 4.48 μm. Images were reconstruct-
ed using NRecon (version 1.6.9). The equipment was calibrat-
ed with standard phantoms provided by the manufacturer
(BMD calibration phantoms, 0.25 and 0.75 g/cm3, Bruker
microCT, Aartselaar, Belgium). All images were analyzed
using CTAn (version 1.13.10.1+), giving the cortical bone
area (B.Ar) and cortical thickness (Ct.Th). The average corti-
cal thickness (Ct.Th) was calculated using an automatic
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internal algorithm included in the CTAn software. The site-
specific CT.Th was measured manually; an average from 10
measurements per bone was calculated. Analysis of cortical
bone started at a distance of 5.36 mm distal to the growth plate
and extended longitudinally 134.5 μm in the distal direction,
corresponding approximately to 37% of the length of the tibia
f r om t h e p r o x ima l e n d . A s q u a r e c u b o i d o f
100 μm × 100 μm × 134.5 μmwas used for the caudal region
and a diameter for a cylinder of 500 μm and length of
134.5 μm for the caudal region. Different shapes (a square
cuboid at the cranial site, and circular shape at the caudal site)
were used to accommodate the differences in shape of the
bone in these two regions (Fig. S2C).
Small-angle X-ray scattering
The same tibiae as described above were imbedded in
plastic. Sections (70 μm) were sawed transversely from
the embedded tibia from four mice per group at approx-
imately 37% proximal of the total length of the tibia
(non-loaded and loaded). SAXS measurements were
conducted at the I911-4 SAXS beamline at the
1.5 GeV ring (MAX II) of the MAX IV Laboratory
(Lund University, Lund, Sweden) [30]. The wavelength
was 0.91 Å, and the size of the synchrotron X-ray beam
at the sample region was approximately 0.1 × 0.1 mm2.
The Pilatus 1 M detector was placed at 1900 mm be-
hind the sample, and the exposure time to collect each
SAXS pattern was 5 s. The q-range measured was 0.01–
0.30 Å−1. A motorized x-y scanning stage was used to
map the sample with a step size of 0.1 mm in both
directions. A ~1 × 1 mm area at both regions of each
sample was measured (Fig. S2B).
The data analysis has been described in detail previ-
ously [30]. In brief, from the 2D SAXS intensity pat-
tern, the mineral plate thickness, predominant orienta-
tion, and degree of orientation were determined for each
measurement point [31–33]. From this pattern, the min-
eral plate thickness was evaluated following the ap-
proach suggested by Bünger et al. [31]. It is based on
a curve fitting where the mineral crystals are assumed
to be plates with a finite thickness, T, in one dimension,
and infinite size in the other two dimensions. The pre-
dominant orientation and the degree of orientation were
determined such that the first is where the intensity
reaches its maximum, and the second is a calculated
value between 0 and 1, where 0 corresponds to no pre-
dominant orientation within the plane of the section,
and 1 that all mineral crystals are aligned perfectly in
the same direction [9, 30, 34]. All analyses were done
using custom-made Matlab scripts (MATLAB R2011b,
MathWorks, Inc., Natick, MA, USA).
Reference point indentation
Reference point indentation (RPI) (BioDent Hfc, ActiveLife
Scientific, CA, USA) was performed at 37% of the length of
the tibia from the proximal end of each region (cranial and
caudal) and along the length of each bone at both regions
(N = 7, Fig. S2A); due to the size of the bones, a maximum
of seven indentations were made along the length of each
bone, and for each region. Using a BP2 test probe, a reference
force of ~1300 g was applied, followed by a force of 2 N for
10 cycles at 2 Hz; samples were kept hydrated throughout
testing. The total indentation distance relates to fracture risk
[35], and the unloading slope correlates to the stiffness of the
material. Data for total indentation distance and unloading
slope were averaged and standard deviations calculated.
PMMAwas used as a calibration specimen, and repeated mea-
surements had standard deviations of <0.5. For the total in-
dentation distance, the mean and confidence interval at 95%
associated with the mean estimate are reported. Immediately
after the RPI, the tibiae were fixed in 4% paraformaldehyde
for 2 days and then stored in 70% ethanol. Due to the small
nature of the mouse bones, RPI data were collected along the
length of each bone and analyzed proximal to distal, as well as
comparing loaded to non-loaded, of the cranial and caudal
regions respectively (Fig. S2A).
Statistics
The mean and confidence interval at 95% associated with the
mean estimate were calculated and reported. Student’s t test,
one-wayANOVA, 2 × 2ANOVA, ormixedmodel followed by
the Bonferroni post hoc test was performed as appropriate. On
the spectroscopic data, multivariate analysis was performed
(principal component analysis in combination with linear dis-
criminant analysis, PCA-LDA). LDA was employed on this
data to force separation based on assigned classes (e.g., loaded
vs. non-loaded). 1D scatter and loading (pseudo-spectra
visualizing any variance) plots were produced to enable iden-
tification of the spread of the data, and the cause of the spread,
respectively. A p value ≤0.05 was considered significant.
Results
Caudal vs. cranial response to load in the proximal region
Bone matrix chemistry
We analyzed the cranial and caudal sides of the proximal part
of the tibiae corresponding to approximately 37% of the total
length from the knee where the main response to axial loading
is seen. The average Raman spectrum for each cohort and
region showed that the cranial site was more mineralized than
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the caudal site, both in the non-loaded and loaded bones
(Fig. 1a). Analysis using PCA scatter plots shows that the
spread of the data was different for the non-loaded (Fig. 1b)
and loaded (Fig. 1c) bones across the regions. Specifically,
differences between the non-loaded sites were due to phos-
phate peak. The distance between points is proportional to
biochemical similarity in these plots. The non-loaded plot
(Fig. 1b) shows that the cranial and caudal sites are biochem-
ically different from each other at the phosphate peak. In ad-
dition, the caudal site is more heterogeneous than the cranial
site. This also holds for the loaded plot (Fig. 1c), which reveals
two subpopulations within the caudal site. Furthermore, dif-
ferences between the loaded cranial and caudal sites were due
to phosphate and carbonate.
Univariate analysis, using the phosphate bandwidth, was
used to investigate the degree of mineralization and mineral
crystal size at the different regions (Fig. 1d, e and Table 1).
The cranial site of non-loaded bones displays a significantly
higher mineralization ratio (p < 0.01), but smaller mineral
crystal size than the caudal site. In response to load, the cranial
site significantly decreases its mineralization ratio (p < 0.01)
and mineral crystal size (p < 0.01), while the caudal site de-
creases only its mineral crystal size (p < 0.05), but not its
mineralization ratio in response to load (Fig. 1d, e and
Table 1).
Further analysis of the mineral crystals using SAXS did not
detect any differences in the mineral plate thickness between
the cranial and caudal regions in non-loaded bones (Fig. 2a).
Fig. 1 Site-specific differences in
bone chemistry. a The average
Raman spectrum for each region
and each cohort (loaded or non-
loaded). The cranial region is
black and the caudal region is
gray. A broken line is used for
non-loaded, and a continuous line
for loaded. The inset is a close-up
of the amide I peak, where a lower
peak indicates a lower minerali-
zation ratio. b The spread of
spectral data, analyzed by PCA-
LDA, across the two regions for
the non-loaded bones. c The
spread of spectral data, analyzed
by PCA-LDA, across the two re-
gions for the loaded bones. d The
average mineralization ratios +/−
95% confidence interval for each
cohort of bones and at each re-
gion. e The level of crystal
maturity/size as determined by the
inverse of the full width at half
height of the phosphate peak.
*p < 0.05 and **p < 0.01. f The
collagen content variation along
the length of the bones, calculated
from the Raman spectra; a third-
order polynomial has been fitted
to each set of data. Data presented
along the length are spectra ac-
quired along the caudal side from
four bones (please see further de-
tails in the BMethods^ section); all
other spectra displayed were ac-
quired from a position 37% from
the proximal end of the bones and
from the caudal and cranial sides,
labeled accordingly
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However, in the loaded bones, the mineral plate thickness was
significantly reduced at the caudal site. The degree of orienta-
tion of the mineral crystals was similar in both the cranial and
caudal sites and did not change in response to load (Fig. 2b).
Bone material properties
In the non-loaded control bones, the main difference between
the energy dissipation was 44% higher at the caudal side than
the cranial site (Table 2). However, for the loaded side, the
most significant difference was in stiffness (p < 0.05, average
loading slope), which was 12% higher at the cranial site than
the caudal site, further supporting the findings described
above. In response to load, the total indentation distance in-
creased significantly in the caudal site, exposed mainly to
compression loading (+21%, p < 0.05) (Fig. 3a), and the en-
ergy dissipation increased (+44%, p < 0.05, Table 2).
Bone structure
μCT was used to study alterations in overall cortical bone pa-
rameters, specifically in the regions representing the cranial and
caudal areas (Fig. S2C, in non-loaded and axially loaded tibiae,
respectively. Loading significantly increased the total cortical
area (29%, p < 0.01; Fig. 4a), resulting in a significant increase
in mean polar moment of inertia (an estimate of resistance to
torsion) (+35%, p < 0.01, data not shown), showing that the
loading protocol resulted in an overall anabolic response.
There were site-specific differences in cortical thickness
within the non-loaded bones where the caudal side of the
non-loaded bone displayed a significantly larger cortical
thickness (Fig. 4b, +82%; p < 0.001), compared to the total
cross-sectional thickness. In response to load, the total cross-
sectional cortical thickness did not change significantly.
However, site-specific changes were observed in response to
load. On both the cranial and the caudal sites, there was a
significant increase in cortical thickness (Fig. 4b, +20.8%;
p < 0.001 and +53%; p < 0.0001, respectively).
Along the length (caudal vs. cranial) in response to load
Bone matrix chemistry
Analyses along the length of the bones showed that the
mineral-to-collagen ratio is higher in the middle to distal re-
gion of the cranial side of the non-loaded bones (p < 0.05,
Fig. 1f). In contrast, the loaded bones exhibit similar degree of
mineral to collagen along the middle of the bone, but lower at
the most proximal and distal ends of the bones; these differ-
ences along the length show a trend but are not significant
(p = 0.09) (Fig. 1f).
Bone material properties
The analysis of the unloading slope (RPI) revealed that for the
cranial region, there is a significant difference along the length
of the bone for both the non-loaded (+200% proximal vs.
middle and distal; p < 0.001) and loaded (+50% proximal
Table 1 Mineralization, and
crystal maturity changes in
response to loading
Tension Compression
Non-loaded Loaded Non-loaded Loaded
Mineralization 31.28 ± 2.33 26.77 ± 3.30* 22.5 ± 4.28 21.75 ± 3.74
Crystal maturity 0.052 ± 0.000 0.052 ± 0.001* 0.053 ± 0.001 0.053 ± 0.001*
Mineralization and crystal maturity/size in response to loading measured by Raman spectroscopy. Mean ± SEM
are shown. Significance between non-loaded and loaded indicated at the latter with *, p<0.05
Fig. 2 Loading decreases crystal plate thickness caudally SAXS
analysis. a crystal plate thickness, b degree of mineral crystal
orientation are shown as mean +/− 95% confidence interval. Statistics:
mixed procedure in SPSS with post hoc Bonferroni correction, *p < 0.05
for non-loaded vs. loaded
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vs. middle, +50% distal vs. middle; p < 0.05) bones (Fig. 3c–
f). Furthermore, a comparison of each position along the bone
revealed that there was a significant difference between the
non-loaded and loaded bones at the proximal end of the bones
Table 2 RPI measurement, non-loaded vs. loaded for tension and compression
Tension Compression
Non-loaded Loaded Non-loaded Loaded
1st-cycle indentation distance (ID 1st), μm 21.72 ± 2.22# 18.20 ± 1.04# 29.58 ± 1.32 36.33 ± 1.98*
1st-cycle unloading slope (US 1st), N/μm 0.34 ± 0.01 0.33 ± 0.01 0.33 ± 0.01 0.32 ± 0.01
1st-cycle creep indentation distance (TID 1st-L), μm 2.48 ± 0.27 2.11 ± 0.15# 3.03 ± 0.16 4.00 ± 0.38
Total indentation distance (TID 1st-L), μm 24.55 ± 2.37# 20.46 ± 1.06# 32.05 ± 1.37 39.22 ± 2.09*
Indentation distance increase (ID 1st-L), μm 4.79 ± 0.54 3.89 ± 0.29# 5.05 ± 0.32 6.22 ± 0.52
Avg creep indentation distance (Avg CID 1st-L), μm 1.00 ± 0.07 1.03 ± 0.03 1.03 ± 0.03 1.16 ± 0.06*
Avg energy dissipated (Avg ED 3rd-L), μJ 3.25 ± 0.29# 3.03 ± 0.36 2.49 ± 0.17 3.60 ± 0.20*
Avg unloading slope (Avg US 1st-L), N/μm 0.34 ± 0.01 0.32 ± 0.01 0.32 ± 0.01 0.31 ± 0.01
Avg loading slope (Avg LS 1st-L), N/μm 0.25 ± 0.01 0.25 ± 0.01# 0.26 ± 0.01 0.22 ± 0.01*
Mean +/− SEM for each RPI output measurement. Analyzed using ANOVA (SPSS): significant differences between tension (non-loaded vs. loaded) and
compression (non-loaded vs. loaded) are denoted by *p < 0.05, and between non-loaded (tension vs. compression) and loaded (tension vs. compression)
denoted by #p < 0.05
Fig. 3 The material properties of
the caudal region are less tough.
a, c, e The total indentation
distance. b, d, f The unloading
slope (US) using RPI. a, b The
average measure +/− 95% confi-
dence interval across both regions
for non-loaded vs. loaded. c, d
The cranial region from proximal
to distal along each bone for non-
loaded vs. loaded. A third-order
polynomial has been fitted to each
set of data. e, f Caudal region
from proximal to distal along each
bone for non-loaded vs. loaded; a
third-order polynomial has been
fitted to each set of data
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(+200% for the non-loaded; p < 0.01) and at the middle of the
bones (+6% for the non-loaded; p < 0.05).
Discussion
This study investigated the presence of microscopic heteroge-
neity inmouse bone with andwithout external loading.We also
demonstrated local site-specific microscopic differences within
bone tissue under normal ambulatory circumstances. In re-
sponse to applied axial mechanical loading, the collagen con-
tent, mineral content, and mineral size as well as toughness are
altered site-specifically. These data confirm our hypothesis that
both structural and material properties vary across different
anatomical regions of long bones not only on a macro- but also
on a micro- and molecular scale and that these regions adapt
site-specifically at each level in response to axial loading.
This study confirms earlier results that loading increases
cortical BMD, area, and thickness [24, 25]. We site-
specifically quantified the cortical thickness obtained during
physiological loading and found that it is not consistent around
the bone. The caudal site of cortical bone is thicker than any
other region, indicating that a larger thickness is needed in order
to sustain the load applied. In response to load, a thicker cortex
is formed caudally, as shown, but not quantified, previously
[17, 25]. We conclude that during habitual loading conditions,
as well as during additional axial loading, cortical thickness is
adjusted site-specifically in order to resist the load.
Using Raman spectroscopy, we could demonstrate, in non-
loaded normally ambulatory tibiae, that the cranial site is more
mineralized and the mineral crystals are smaller compared to
those of the caudal site, indicating that the cranial site is stiffer.
Taken together, this suggests that there are site-specific differ-
ences in bone material properties in the normal ambulatory
tibiae. The differences between sites around the bone observed
in the spectra emphasize the complex and localized nature of
mineralization of the bone matrix. The material properties of
bone, such as elastic modulus and toughness, are also affected
by the degree of mineralization.
Using finite element analysis (FEM) of tibiae, previous
studies have shown that in response to external axial loading,
an intermediate tension is formed in the proximal/middle cra-
nial side of tibiae, while high compressive strains are formed
on the proximal/middle caudal side of tibiae [16, 36].
Mechanical laws relating material properties of the tissue to
the stress and strain states imply that when tibiae are loaded
axially, a certain force results in less strain in a higher miner-
alized region (i.e. within the cranial area experiencing ten-
sion), compared to a less mineralized region (the caudal area).
Most theories suggest a relationship where increased strain
results in increased bone formation. Thus, a greater stimula-
tion of bone formation is expected in the less mineralized
caudal compressive area (since lower mineralization results
in higher strain levels), compared to the more mineralized
tensile cranial area [16, 37]. Another explanation could be that
the site-specific differences in strain and bone formation are
due to the bone shape and cross section, as demonstrated in
several papers using FEM [36, 38, 39]. Indeed, both theories
suggest that more bone would form site-specifically in re-
sponse to load-induced increase in strain, and results from this
study confirm a significant in vivo, site-specific increase in
cortical thickness due to loading in line with these predictions.
The results from this study show that regardless of whether
the bone is loaded externally or not, there are differences in
level of mineralization between the caudal and cranial sites,
and they respond differently to load. New immature bone con-
tains smaller mineral crystals, and smaller crystals are associat-
ed with reduced fracture risk [40]. Thus, it remains to be inves-
tigated whether the smaller crystals seen in response to loadwill
remain small even when the bone matures. If so, load could
result in smaller crystals, providing yet another mechanism
whereby load would render bone more resistant to fracture at
least initially. The mineralization along the length of the non-
loaded bones is in agreement with a previous study, showing
that the middle region of the tibiae is more mineralized than
Fig. 4 The caudal site is thicker and responds more to loading μCT
analysis. a cortical area and b cortical thickness of loaded and non-
loaded bones at the mid-diaphysis of the tibiae are shown as mean +/−
95% confidence interval. Cortical thickness is given as average for the
whole bone, or specifically for the cranial, or caudal sites. Statistics: a
Student’s t test, **p < 0.01 for non-loaded vs. loaded. bANOVA in SPSS
with Bonferroni post hoc comparison, **p < 0.01 and ***p < 0.001 for
non-loaded vs. loaded
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either end [20]. However, our loaded bones display an altered
pattern of mineralization, where the material changes after load-
ing are most enhanced at the proximal/middle and distal ends.
A limitation of this study is that we have used young adult
mice and bone fragility disorders often affect elderly humans.
However, a recent publication byAido et al. show that loading
led to enhanced collagen maturity and mineral/matrix ratio in
the periosteum of the mid-shaft of elderly mouse bone, indi-
cating that our results may hold true also for old bone [19].
Although the mice did not differ in age, gender, size,
or weight, and the load was the same in all of the mice,
the spread of the Raman data across the cranial and
caudal regions, in both the non-loaded and loaded
bones, is different from each other. This could be
interpreted in several ways. First, this shows that there
are inherent site-specific differences in the bone matrix
chemistry across normal bone. Second, this confirms
that the bones not only respond to load, but that they
respond to load in different ways at different sites.
Loaded bones are significantly more mineralized at the
cranial tension sites than at the caudal compression
sites. Third, this analysis highlights that the cranial sites
contain bone with less mature mineral crystals both in
the non-loaded and loaded bones compared to the cau-
dal site. Fourth, finite element analysis has shown that
the strains differ along the length of the bone when
loaded axially [36].
Loading significantly decreased crystallinity, i.e. the
crystals were less mature [28, 29], as measured by
Raman spectroscopy both at the cranial and caudal sites.
The decreased crystal size at the caudal region in re-
sponse to load was confirmed by SAXS analysis show-
ing a significant decrease in crystal plate thickness at the
caudal region. [40]. However, SAXS analysis was per-
formed on a transverse area containing both old and
newly formed bone and could therefore only confirm
the Raman analysis (as performed on the bone surface
where new bone is expected) when a larger part of the
analyzed bone area contained newly formed bone as in
the caudal region. Another explanation to the difference
in crystallinity could be that our loading procedure has
caused micro-damage and subsequent intracortical re-
modeling. Although we cannot exclude the possibility
that micro-damage could induce the differences seen in
mineral composition, it has previously been shown that
axial loading using the same protocol as used in this
study with the same load did not induce micro-cracks
[16]. It has also been shown that treadmill exercise sig-
nificantly decreased the number of micro-cracks [41],
indicating that intermediate loading would prevent devel-
opment of micro-cracks. It is well known that the most
load-sensitive region with regards to bone formation is
the caudal and proximal bone from the knee to the mid
shaft [24, 25, 36]. In our study, most changes in miner-
alization in response to load are seen at the cranial and
proximal/middle as well as the distal regions of the tib-
iae, while most bone is formed caudally. Thus, the sites
where most changes in mineralization are observed do
not always correspond to the regions with highest bone
formations in response to load. This indicates that the
mineral content may not be the driving force for the
bone anabolic response to loading. Instead, the driving
force for bone formation could be strain [16, 36]. Within
the normal range, the resistance to fracture is inversely
related to the mineralization ratio, where tougher bone is
more resistant to fracture. Owing to the natural variation
along the length of the bones, the RPI data was very
heterogeneous. A comparison of the bones at the
proximal-middle region of the bones showed that the
total indentation distance (TID) was lower, and the bone
is therefore stiffer, at the cranial side in the loaded com-
pared to non-loaded bones, further supporting the pro-
duction of new, less mineralized bone, in response to
load at the proximal site. However, this was not the case
for the caudal side of the bone, which has a higher TID
and would therefore be more susceptible to fracture [35].
The stiffness of the bones was not significantly different,
although there was more variance in stiffness across the
loaded bones on the cranial side. Upon loading, the stiff-
ness of the bones changes mostly at the proximal end of
the bones for the cranial site but more at the distal end
for the caudal side.
A limitation of this study is that we investigated the bone
response after 2 weeks of loading, in a dynamic time-period
where we can expect new bone to be formed, but not yet
reached a steady state. This enables us to study the process
whereby new bone is being formed to adapt to the new im-
posed loading conditions, but we do not know if these differ-
ences will persist as the bone matures under the new loading
conditions. In addition, we cannot exclude that the changes in
bone quality observed could be due to differences in the pro-
portion of new bone tissue compared to mature bone in the
regions examined. However, both Raman spectroscopy and
RPI analyses are performed at the bone surface where new
bone has been repeatedly found after axial loading [16, 17,
25, 36], indicating that we are indeed mainly studying the
quality of the newly formed bone. Previous studies have
shown that short-term loading only alters the chemical prop-
erties of new periosteal and endosteal modeled bone, and not
the old intracortical bone, in response to load [19, 42], further
indicating that the changes in bone chemistry that we see in
response to loading are mainly due to the newly formed bone
and not alterations in the old intracortical bone.
Our study has several strengths.We used adult mice, which
were thus not rapidly growing, in order to minimize the influ-
ence of growth. The axial loading protocol is well established
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with reproducible loading responses [17, 24–26]. We used
two surface techniques, Raman and reference point indenta-
tion (RPI), to be able to analyze only the load-induced newly
formed bone on the periosteum and not the old intracortical
bone. The results of these techniques were supported with
μCT and SAXS analysis that although not able to distinguish
between new and old bone, they still confirmed the Raman
and RPI analyses showing site-specific alterations in response
to load.
Naturally, as in all animal studies, the obtained results may
not be directly extrapolated to the human situation. The hu-
man tibia differs from the mouse tibia in shape. However, like
mouse tibiae, human tibiae have curvatures and differ in cra-
nial and caudal regions. As for mice, human bone size and
shape differ in different regions of the bones [43]. There is also
evidence that there is a broad heterogeneity of mineral to
matrix across the human skeleton [10, 37, 44, 45], in line with
our study in mice.
This new information also advances understanding by
highlighting the importance of a site-specific response to load
and providing more details on how the cranial and caudal sites
differ on a microscopic level. The fact that bone is heteroge-
neous on a macroscopic level is not new, but the implications
of inducing a change in heterogeneity also on the microscopic
level through loading could be important. It is not yet investi-
gated whether established bone anti-resorptive agents inter-
fere, or not, with the possible site-specific heterogeneous ad-
aptation to strain in human bone. It is important to understand
the mechanisms underlying the site-specific heterogeneous
response of bone sparing and bone anabolic drugs in human
bone.
In conclusion, mouse bone material is site-specific, finely
tuned, adaptive, and load responsive not only at the macro-
scale (shape and size) but also at the micro-scale (collagen
content and degree of mineralization). It would be beneficial
if upcoming drugs to treat bone fragility disorders can take this
mechanistic approach into account, so that new drugs do not
interfere with the site-specific adaption to strain.
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